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The self-ane properties of post-mortem frature surfaes in silia glass and aluminum alloy
were investigated through the 2D height-height orrelation funtion. They are observed to exhibit
anisotropy. The roughness, dynami and growth exponents are determined and shown to be the
same for the two materials, irrespetive of the rak veloity. These exponents are onjetured to be
universal.
PACS numbers: 62.20.Mk, 46.50.+a, 68.35.Ct
Understanding the physial aspets of frature in het-
erogeneous materials still presents a major hallenge.
Sine the pioneering work of Mandelbrot [1℄, a large
amount of studies have shown that rak surfae rough-
ening exhibits some universal saling features although
it results from a broad variety of material spei pro-
esses ourring at the mirostruture sale (see Ref. [2℄
for a review). Frature surfaes were found to be self-
ane over a wide range of length sales. In other words,
the height-height orrelation funtion ∆h(∆r) =< [h(r+
∆r) − h(r)]2 >
1/2
r omputed along a given diretion is
found to sale as ∆h ∼ (∆r)H where H refers to the
Hurst exponent. The roughness exponent was found to
be H ≈ 0.8, weakly dependent on the nature of the ma-
terial and on the failure mode [3℄. This quantity was then
onjetured to be universal.
Sine the early 90s, a large amount of theoretial stud-
ies suggested senarios to explain these experimental ob-
servations. They an be lassied into two main at-
egories: (i) perolation-based models where the rak
propagation is assumed to result from a damage oales-
ene proess [4, 5℄; (ii) elasti string models that onsider
the rak front as an elasti line propagating through ran-
domly distributed mirostrutural obstales [6, 7℄. The
frature surfae orresponds then to the trae left behind
this rak front.
All these models lead to self ane frature surfaes
with various exponents. However, none of them has been
able to predit the measured value of the roughness ex-
ponent. The main dierene between the preditions of
these two ategories of theoretial desriptions is that
models (i) lead to isotropi frature surfaes while models
(ii), where the diretion of front propagation learly plays
a spei role, predit anisotropi surfaes. The analysis
of suh anisotropy on experimental examples is the en-
tral point of this paper.
We investigate the 2D saling properties of frature
surfaes in silia glass and metalli alloy, representative
of brittle and dutile materials respetively. Those were
broken using various frature tests (stress-orrosion and
dynami loading). Frature surfaes observed for all these
materials/failure modes are shown to be self-ane, in
agreement with results reported in the literature. How-
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FIG. 1: Topographi image of frature surfae of pure silia
glass (a) and aluminum alloy (b). x is the diretion of rak
propagation. z is parallel to the initial rak front.
ever, their saling properties are not isotropi as usually
believed but require the use of a two-dimensional (2D)
height-height orrelation funtion ∆h( ~∆r) =< [h(~r +
~∆r) − h(~r)]2 >
1/2
~r for a omplete desription. This 2D
desription involves two independent saling exponents
whih orrespond to the Hurst exponents measured along
the rak propagation diretion and the perpendiular
one, the rak front diretion. They are found to vary in-
signiantly for the two materials and from slow to rapid
rak growth. Suh observations are interpreted within
the framework of elasti line models driven in a random
medium.
Experimental setup. - Silia glass and a metalli al-
loy are hosen as the arhetypes of brittle and dutile
materials respetively.
Frature of silia is performed on DCDC (double leav-
age drilled ompression) parallelepipedi (5×5×25 mm3)
2samples under stress orrosion in mode I (see ref. [8℄
for details). After a transient dynami regime, the rak
propagates at slow veloity through the speimen under
stress orrosion. This veloity is measured by imaging in
real time the rak tip propagation with an Atomi Fore
Mirosope (AFM). In the stress orrosion regime, the
rak growth veloity an be varied by adjusting prop-
erly the ompressive load applied to the DCDC speimen
[8℄. The protool is then the following: (i) a large load is
applied to reah a high veloity; (ii) the load is dereased
to a value lower than the presribed one; (iii) the load
is inreased again up to the value that orresponds to
the presribed veloity and maintained onstant. This
proedure allows us to get various rak veloities rang-
ing from 10−6 to 10−11 m.s−1 orresponding to zones on
the post-mortem frature surfaes whih are learly sep-
arated by visible arrest marks. The topography of these
frature surfaes is then measured through AFM with an
in-plane and out-of-plane resolutions estimated of the or-
der of 5 nm and 0.1 nm respetively. To ensure that there
is no bias due to the sanning diretion of the AFM tip,
eah image is sanned in two perpendiular diretions
and the analyses presented hereafter are performed on
both images. These images represent a square eld of
1× 1 µm (1024 by 1024 pixels).
Frature surfaes of the ommerial 7475 aluminum
alloy were obtained from CT (ompat tension) spe-
imens whih were rst preraked in fatigue and then
broken through uniaxial mode I tension. The rak velo-
ity varies during the frature proess, but has not been
measured. In the tensile zone, the frature surfae has
been observed with a sanning eletron mirosope at
two tilt angles. A high resolution elevation map has been
produed from the stereo pair using the ross-orrelation
based surfae reonstrution tehnique desribed in [9℄.
The reonstruted image of the topography represents a
retangular eld of 565×405 µm (512 by 512 pixels). The
in-plane and out-of-plane resolutions are of the order of
2− 3 µm.
Experimental results. - A typial snapshot of silia
glass (resp. metalli alloy) frature surfae is presented
in Fig. 1a (resp. Fig.1b). In both ases, the referene
frame (x, y ,z) is hosen so that axis x and z are re-
spetively parallel to the diretion of rak propagation
and to the rak front. The in-plane and out-of-plane
harateristi length sales are respetively of the order
of 50 nm and 1 nm for the silia glass, and of the order
of 100 µm and 30 µm for the aluminum alloy. In or-
der to investigate the saling properties of these surfaes,
the 1D height-height orrelation funtions ∆h(∆z) =<
[h(z +∆z, x) − h(z, x)]2 >
1/2
z,x along the z diretion, and
∆h(∆x) =< [h(z, x + ∆x) − h(z, x)]2 >
1/2
z,x along the x
diretion were omputed. They are represented in Fig.2a
(resp. Fig.2b) for silia glass (resp. metalli alloy). For
both materials, the proles were found to be self-ane
in both diretions. Moreover, these urves indiate a lear
anisotropy of the frature surfaes. This anisotropy is re-
eted not only in the orrelation lengths and the ampli-
tudes but also in the Hurst exponents. Along the rak
front, the exponents are found to be 0.83± 0.05 for silia
and 0.75±0.03 for metalli alloy, i.e. fairly onsistent with
the "universal" value of the roughness exponent ζ ≃ 0.8
widely reported in the literature [3℄. In the rak growth
diretion, the Hurst exponent is found to be signiantly
smaller, lose to 0.63±0.04 and 0.58±0.03 for silia glass
and the aluminum alloy respetively. In all the following,
the Hurst exponent measured along the z-axis, the rak
front diretion, and the x-axis, the rak propagation di-
retion, will be referred to as ζ and β respetively.
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FIG. 2: Height-height orrelation funtion alulated along
the propagation diretion and the rak front diretion on a
frature surfae of silia glass obtained with a rak veloity
of 10−11 m.s−1 (a) and aluminum alloy (b). The straight lines
are power law ts (see text for details).
The observation of two dierent saling behaviors in
two dierent diretions of the studied frature surfaes
suggests a new approah based on the analysis of the 2D
height-height orrelation funtion dened as:
∆h(∆z,∆x) =< [h(z +∆z, x+∆x)− h(x, z)]2 >
1/2
z,x .
This funtion ontains informations on the saling
properties of a surfae in all diretions. The variations
of the orrelation funtions ∆h∆x are plotted as a fun-
tion of ∆z in the insets of Figure 3a and 3b for silia
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FIG. 3: The insets show the 2D height-height orrelation fun-
tions∆h∆x(∆z) orresponding to dierent values of∆x vs∆z
for a frature surfae of silia glass obtained with a rak ve-
loity of 10−11 m.s−1 (a) and aluminum alloy (b). The data
ollapse was obtained using Eq. 1 with exponents reported in
Tab. I.
glass and aluminum alloy frature surfaes respetively.
For adequate values of β and z, it an be seen in the main
graphs of that same gure that a very good ollapse of
the urves an be obtained by normalizing the absissa
and the ordinate by ∆x1/z and ∆xβ respetively. The re-
sulting master urve is haraterized by a plateau region
and followed by a power law variation with exponent ζ.
In other words:
∆h(∆z,∆x) = ∆xβf(∆z/∆x1/z)
where f(u) ∼
{
1 if u≪ 1
uζ if u≫ 1
(1)
The exponents β and z whih optimize the ollapse,
and the ζ exponent determined by tting the large sales
regime exhibited by the master urves are listed in Table
I. The three exponents are found to be ζ ≃ 0.75, β ≃ 0.6
and z ≃ 1.25, independent of the material and of the
rak growth veloity over the whole range from ultra-
slow stress orrosion frature (piometer per seond) to
rapid failure (some meters per seond). The ratio of ζ to
β is given in the fourth olumn of Table I. It is worth
to note that the exponent z fullls the relation z = ζ/β.
The same exponents have also been observed on frature
surfaes of mortar and wood [10℄. They are therefore on-
jetured to be universal.
ζ β z ζ/β
silia glass 0.77 ± 0.03 0.61 ± 0.04 1.30 ± 0.15 1.26
metalli alloy 0.75 ± 0.03 0.58 ± 0.03 1.26 ± 0.07 1.29
TABLE I: Saling exponents measured on frature surfaes of
silia glass and metalli alloy. ζ, β, z and ζ/β are respetively
interpreted as the roughness exponent, the growth exponent
and the dynami exponent z while the fourth olumn on-
tains the ratio of ζ to β. Error bars represent an interval of
ondene of 95 %.
Disussion. - The experiments reported in this letter
explored the 2D saling properties of frature surfaes
of two dierent materials. Three main onlusions an
be drawn: (i) 1D proles sanned parallel to the rak
front diretion and to the diretion of rak propagation
both exhibit self ane saling properties, but those are
haraterized by two dierent Hurst exponents referred
to as ζ and β respetively; (ii) the 2D height-height or-
relation funtion is shown to ollapse on a single urve
(Eq. 1) when appropriatly resaled. This saling involves
three exponents ζ, β and z; (iii) These three exponents
are independent of both the material onsidered and the
rak growth veloity over the explored range.
These onlusions enables a disussion on the vari-
ous ompeting models developed to apture the sal-
ing properties of frature surfaes [4, 5, 6, 7℄. The
anisotropy learly evidened in the saling properties of
frature surfaes annot be aptured by stati models
like perolation-based models [5℄. On the other hand,
these results are reminisent to what is observed in ki-
neti roughening models [11℄. These models onsider the
time evolution of an elasti manifold driven in a random
medium. The roughness development of the line h(z, t)
starting from an initially straight line h(z, t = 0) = 0
is then haraterized by a 1D height-height orrelation
funtion ∆h(∆z, t) that sales as [11℄:
∆h(∆z, t) = tβg(∆z/t1/z)
where g(u) ∼
{
uζ if u≪ 1
1 if u≫ 1
(2)
where ζ, β and z refer to the roughness, growth and dy-
nami exponents respetively. Signature of this rough-
nening saling an also be found in the steady state
regime reahed at long times when the roughness be-
omes time invariant. In this regime, the 2D height-height
4orrelation funtion∆h(∆z, t) is expeted to sale as [12℄:
∆h(∆z,∆t) = ∆tβf(∆z/∆t1/z)
where f(u) ∼
{
1 if u≪ 1
uζ if u≫ 1
(3)
whih is exatly the saling (1) followed by the exper-
imental surfaes after time t has been replaed by o-
ordinate x measured along the rak propagation dire-
tion. This provides a rather strong argument in favour
of models like [6, 7℄ that desribe the frature surfae as
the juxtaposition of the suessive rak front positions -
modelled as a pseudo elasti line - moving through mate-
rials with randomly distributed loal toughness. In this
senario, the hurst exponents ζ ≃ 0.75 and β ≃ 0.6 mea-
sured along the rak front diretion and the diretion of
rak propagation respetively oinide with the rough-
ness exponent and the growth exponent as dened within
the framework of elasti string models [11℄. Let us note
moreover that in suh models, the dynami exponent z is
expeted to be related to ζ and β through z = ζ/β [13℄.
This leads to a value of z = 1.25 in perfet agreement
with the value measured experimentally.
In elasti line models, the set of exponents ζ, β and
z depends only on the dimensionality [11, 14℄, the range
of the elasti interation [14, 15℄ and, to some extent, on
the line veloity [16℄. It has been shown that for rak
propagating in a linear elasti solid, the restoring elasti
fores are long range rather than loal [17℄. Correspond-
ing elasti line models predit logarithmi orrelations
[7℄, whih is signiantly dierent from ζ ≃ 0.75 as re-
ported in this paper. Let us note that the same model
applied to the interfaial rak problem leads to a rough-
ness exponent ζ ≃ 0.39 [18℄ and z ≃ 0.75 [15, 19℄, while
experiments [20℄ reported values ζ ≃ 0.6 and z ≃ 1.2.
These experimental values are muh loser to the ones
expeted in elasti line models with short range elasti
interations, that predit roughness exponents ζ ≃ 0.63
[21℄. Understanding the origin of the interation sreen-
ing in rak problems provides a signiant hallenge for
future investigation.
Finally, it is worth to mention that the saling proper-
ties exhibited by frature surfaes may have interesting
expertise appliations. It allows indeed to determine the
diretion of rak propagation from the analysis of post-
mortem frature surfaes and, thus to reonstrut the
history of the proesses that have lead to the failure of
the struture.
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